S
ignal transducer and activator of transcription (STAT) proteins originally were discovered as key effectors of normal IFN signaling and subsequently were shown to be involved in signaling by numerous cytokines and growth factors (1, 2) . Upon engagement of polypeptide ligands with their cognate cell surface receptors, tyrosine kinases induce phosphorylation of cytoplasmic STAT proteins, which then translocate to the nucleus and regulate gene expression (3) . One of the growth factors that stimulates robust activation of STAT signaling under normal physiological conditions is platelet-derived growth factor (PDGF) (4, 5) . In addition to cytokines and growth factors, many studies have shown that diverse oncoproteins, including the viral Src oncoprotein, v-Src, and an oncogenic form of PDGF, v-Sis, constitutively activate one STAT family member, Stat3 (6) (7) (8) (9) (10) . Furthermore, activated Stat3 signaling has been shown to be required for cell transformation by v-Src (11, 12) . Among the genes regulated by STAT proteins are those involved in controlling the fundamental cellular processes of cell proliferation and apoptosis, including cyclin D1, bcl-x, and c-myc (13) (14) (15) (16) (17) (18) (19) . Stable expression of a constitutively activated mutant form of Stat3 is sufficient to induce transformation in murine fibroblasts and up-regulate expression of key mediators of cell cycle progression, including c-Myc protein (15) .
Overexpression or amplification of the c-myc gene has been detected in numerous solid tumors and blood malignancies (20) . In addition, earlier studies showed that c-Myc protein is required for transformation by the oncogenic tyrosine kinase, BCR-Abl (21, 22) . Mounting evidence indicates that Stat3 is activated with high frequency in many blood malignancies and solid tumors (10, 23) , suggesting an important role for constitutive Stat3 activation in human cancer. Elevated expression or kinase activity of c-Src protein also has been associated with the progression of certain human cancers, including carcinomas of the breast and colon as well as various blood malignancies (24) . With respect to normal cellular signaling, PDGF stimulation induces expression of cMyc (25) as well as activation of c-Src kinase (26) . Furthermore, both c-Src and c-Myc have been shown to be required for PDGF-induced mitogenesis (27) (28) (29) (30) . Recent evidence indicates that Stat3 exists in a complex with PDGF receptors and c-Src and that Stat3 activation is induced rapidly upon PDGF stimulation in a c-Src kinase-dependent manner (31) . Based on the collective findings described above, we considered c-Myc a probable Stat3 effector involved in normal mitogenic signaling by PDGF and oncogenic signaling by v-Src. In this study, we investigated the role of Stat3-mediated c-Myc expression in cells transformed by v-Src or stimulated with PDGF.
Methods
Focus Formation Assays. Plasmid DNA expression vectors for v-Src, Stat3␤, and c-Myc were transfected into NIH 3T3 cells along with ␤-galactosidase (0.2 g for each condition) by the calcium phosphate precipitation method by using the quantity of plasmid indicated in the figure (12, 32, 33) (Fig. 1a) . For each transfection condition, the transfection efficiency was determined by detection of ␤-galactosidase expression by using the ␤Gal Staining Kit (Invitrogen). The average of the number of cells expressing ␤-galactosidase in five independent fields of vision (ϫ200) was used for normalization. Foci were quantified after 17 days, normalized for ␤-galactosidase expression, and expressed relative to the number of foci induced by v-Src alone. Transfections were performed in triplicate, and data represent the average of three independent experiments. TGR1 (cmyc (Fig. 2b ) in triplicate by using Lipofectamine Plus (GIBCO͞BRL). Cells were fixed in methanol and stained with neat Karyo-Max (GIBCO͞BRL). Foci were quantified after 35 days and expressed as the number of foci induced by v-Src alone (Fig. 2a) or by v-Src together with c-Myc (Fig. 2b) . Values represent the mean and SD for 2-3 independent experiments.
Northern Blots. For Northern blot analysis, total mRNA from exponentially growing NIH 3T3 or NIH 3T3͞v-Src cells (Fig. 1b) or NIH 3T3͞v-Src cells expressing either green fluorescent protein (GFP) alone or GFP together with Stat3␤ ( Fig. 1c) was isolated by the guanidine isothiocyanate method. A total of 15 g of RNA was resolved on a 1% agarose-formaldehyde gel, transferred to a nylon membrane, and probed with a 32 P-labeled probe corresponding to the 1.4-kb XhoI fragment of murine c-myc cDNA. Detection of 28S and 18S ribosomal RNA by ethidium bromide staining confirmed equalization and integrity of samples.
Flow Cytometry. NIH 3T3 or NIH 3T3͞v-Src cells were seeded at a density of 5 ϫ 10 5 ͞60-mm dish in DMEM͞5% bovine calf serum͞antibiotics 24 h before transfection. Cells were transfected with a total of 6 g of EGFP-C3 (CLONTECH), encoding green f luorescent protein (16) , or a 5:1 molar ratio of pSG5hStat3␤, encoding human Stat3␤ (32) , to EGFP-C3 by using Lipofectamine Plus. For cell cycle analysis, cells were transfected followed by treatment with nocodazole (50 ng͞ml) as described (35) . Cells were harvested 20 h later by trypsinization and fixed with 0.5% formaldehyde for 10 min on ice, followed by fixation in 70% ethanol for 30 min. induced DNA synthesis was measured by BrdUrd incorporation 18 h later. The data are shown as the percentage of total microinjected cells incorporating BrdUrd, and values represent the mean and SD for three independent experiments (Fig. 4a ). For analysis of Stat3 tyrosine phosphorylation (Fig. 4b ), cells were treated with the Src family kinase selective inhibitor SU6656 (1 M) for 1 h before stimulation with PDGF-BB for 10 min. Stat3 protein was immunoprecipitated from cell lysates with anti-Stat3 antibody (Transduction Laboratories, Lexington, KY) and subjected to SDS͞PAGE followed by transfer to nitrocellulose membranes. Activated Stat3 was detected by antibodies to p-Tyr705-Stat3 (New England Biolabs), and the membrane was stripped and reprobed with antibodies to total Stat3 (Transduction Laboratories).
Results
To define the role of c-Myc in Src-induced transformation, expression vectors encoding v-Src, Stat3␤, or c-Myc were transfected into NIH 3T3 fibroblasts alone or in various combinations, and the ability of v-Src to induce foci in monolayer focus formation assays was quantified (Fig. 1a) . Stat3␤ is a naturally occurring isoform of Stat3 lacking the C-terminal transcriptional activation domain and, consequently, blocks Stat3 signaling in a dominant-negative fashion (12, 32, 33) . In this assay of v-Src transformation, no additional selection was applied to the transfected cells to minimize any potential bias that may arise from selection or clonal variation. Because this approach precludes measurement of protein expression levels because stable clones are not selected, lacZ expression vector was included as an internal control for transfection efficiency, and the focus formation data were normalized to ␤-galactosidase expression. Consistent with previous studies (11, 12) , increasing amounts of dominant-negative Stat3 protein expression inhibited Srcinduced focus formation in a dose-dependent manner, verifying that Stat3 signaling is required for Src transformation. Importantly, ectopic expression of c-Myc was able to rescue the defect elicited by coexpression of Stat3␤ and partially restore v-Srcinduced transformation, even at the highest amount of Stat3␤ expression. This partial restoration may reflect other effects of Stat3␤ or the possibility that Stat3 regulates genes in addition to c-myc that contribute to cell transformation. These results suggest that the c-myc gene is a downstream target of Stat3 signaling in Src transformation.
In NIH 3T3 cells stably transformed by v-Src, elevated endogenous c-myc mRNA expression was detected compared with parental, nontransformed cells (Fig. 1b) . To determine the contribution of Stat3 signaling to c-myc expression, cells stably transformed by v-Src were transiently transfected with GFP expression vector alone or together with Stat3␤ expression vector, followed by isolation of GFP-positive cells by FACS. Consistent with a role for Stat3 in the regulation of the c-myc gene (15, 17, 18) , disruption of Stat3 signaling by expression of dominant-negative Stat3␤ protein significantly reduced endogenous c-myc mRNA levels in Src-transformed cells (Fig. 1c) . These results demonstrate that induction of c-myc expression depends on v-Src-mediated activation of Stat3 signaling.
The requirement for c-Myc expression in Src oncogenesis was evaluated further by using Rat-1 fibroblasts lacking c-Myc protein expression because of homozygous deletion of both c-myc alleles (34) . Fig. 2a Inset confirms the absence of any detectable c-myc mRNA expression in these cells. Moreover, these cells lack detectable expression of L-myc or N-myc (34) . Results from monolayer focus formation assays demonstrate that c-myc-null cells (HO15. 19 ) are refractory to transformation by the Src oncoprotein compared with the parental cell line (TGR1, Fig. 2a) . Because the c-myc-null cells proliferate more slowly than wild-type cells (34) , incubation of the focus formation assay was doubled from 17 to 35 days for the c-myc-null cells. Although wild-type cells yielded large foci within 17 days, there were few detectable foci (even very small ones) after 35 days in the case of c-myc-null cells. To determine whether the lack of transformation by v-Src was due to loss of c-Myc expression rather than differences in transfection efficiency between cell lines or independent events associated with gene targeting, v-Src expression vector was transfected alone or together with an expression vector encoding c-Myc into HO15.19 cells. Restoring c-Myc expression, in turn, partially restored transformation by the v-Src oncoprotein, demonstrating that c-Myc is required for efficient Src transformation (Fig. 2b) . This restoration of Src transformation cannot be attributed simply to enhanced transfection efficiency in the presence of c-Myc, because ectopic c-Myc expression was observed to reduce transfection efficiency in the HO15.19 cells (data not shown). Taken together, these findings indicate that Stat3-dependent expression of c-Myc is required for Src transformation.
The biological mechanism by which Stat3 signaling contributes to Src oncogenesis was assessed by transfection of v-Srctransformed NIH 3T3 cells with expression vectors encoding GFP alone or together with Stat3␤. To detect perturbations in cell cycle progression, cells were treated with nocodazole as described (35) , and GFP-positive cells were analyzed for their DNA content by FACS. Inhibition of Stat3 signaling in v-Src transformed cells resulted in a small but reproducible arrest of cells in G 1 with a 2N DNA content (Fig. 3a) . The nocodazole block approach (35) strengthens the conclusions that the increase in the G 1 population is due to arrest of cells in G 1 by Stat3, whereas the effect of GFP on S phase primarily is a result of nonspecific inhibition of DNA synthesis rather than G 1 arrest. To assess further the contribution of Stat3 signaling to Src oncogenesis, GFP-positive cells were isolated by FACS and analyzed for apoptosis by using Annexin V staining. Inhibition of Stat3 signaling induces a marked increase in apoptosis of v-Srctransformed but not parental NIH 3T3 cells (Fig. 3b) . These results are consistent with the findings that, in human multiple myeloma and squamous cell carcinoma cell lines, Stat3 signaling is required for survival (16, 36) . Furthermore, gene therapy with dominant-negative Stat3 induces apoptosis of melanoma cells in a mouse model (37) . Together, these findings provide evidence that constitutive activation of Stat3 contributes to oncogenesis through the combined effects of preventing apoptosis and stimulating cell cycle progression.
Previous studies have demonstrated that c-Src kinase activity is required for normal cell proliferation in the context of PDGF signaling (27) (28) (29) (30) . Moreover, ectopic c-Myc expression rescues a block in PDGF-induced mitogenesis caused by kinase-inactive c-Src (29) . Using a similar strategy used to characterize the role of c-Src in the context of PDGF signaling, we analyzed the contribution of Stat3 signaling to PDGF-induced mitogenesis. Stat3␤ expression vector was microinjected into quiescent, normal NIH 3T3 cells or coinjected with c-Myc or c-Fos expression vectors followed by stimulation with PDGF (Fig. 4a) . Expression of Stat3␤ was detected by immunofluorescent Stat3 antibodies and was in excess of endogenous Stat3 protein (data not shown). Expression of Stat3␤ alone effectively blocked PDGF-induced DNA synthesis as measured by BrdUrd incorporation. Ectopic expression of c-Myc, but not c-Fos, alleviated the Stat3␤-mediated block in PDGF signaling and restored mitogenesis. The amount of c-Myc or c-Fos plasmid was shown previously to be sufficient to rescue the block in PDGF-induced mitogenesis resulting from expression of dominant-negative Src kinase or dominant-negative N17 Ras, respectively (29) . These data provide evidence that Stat3 signaling is required for normal quiescent fibroblasts to progress from G 1 to S phase in response to PDGF. To determine the role of c-Src in PDGF-induced Stat3 activation and c-myc expression, we used the Src family kinase selective inhibitor, SU6656 (38) . Consistent with recent studies demonstrating a requirement for c-Src in PDGF-induced activation of Stat3 DNA-binding activity (31) , the Src inhibitor blocked tyrosine phosphorylation of Stat3 (Fig. 4b) and repressed induction of c-myc mRNA in response to PDGF (38) .
Discussion
Our findings delineate a complete signal transduction pathway from the cell surface to the nucleus in which activation of PDGF receptor results in signaling through c-Src kinase to Stat3, which, in turn, induces the expression of c-myc (Fig. 5) . In normal fibroblasts stimulated with PDGF, we show that Stat3-mediated c-Myc induction is required for cell cycle progression from G 1 to S phase. In v-Src transformed cells, this signaling pathway is subverted in the absence of PDGF, resulting in constitutive activation of Stat3 and elevated expression of c-Myc protein that is required for cell transformation. Unlike normal cells, however, only a relatively small proportion of Src-transformed cells were arrested in G 1 by Stat3␤ expression. Instead, blocking Stat3 signaling in Src-transformed cells induced predominantly apoptosis. Recent evidence indicates that v-Src is capable of generating proapoptotic stimuli that are suppressed by various antiapoptotic-signaling pathways downstream of Src (39, 40) . In particular, blocking phosphatidylinositol 3-kinase or Rasmediated antiapoptotic-signaling pathways allows manifestation of the proapoptotic pathways activated by Src (39, 40) . Because of the antiapoptotic activity of Stat3 (13, 16, 36) , it is likely that Stat3 represents another survival pathway in Src transformation. Thus, blocking any one of these critical survival signaling pathways, including Stat3, may result in the activation of proapoptotic effectors and cell death induced by Src. Our results are completely consistent with an earlier report demonstrating that Stat3-mediated induction of c-Myc contributes to cytokineinduced cell cycle progression and survival in mouse pre-B cells (18) . However, it remains to be determined whether Stat3 directly or indirectly regulates the c-myc promoter during Src transformation and in response to PDGF stimulation.
Our results show that expression of c-Myc is necessary but not sufficient for mitogenesis and cell transformation, consistent with the findings that Stat3 regulates multiple genes involved in cell cycle progression and survival, including cyclin D1 and Bcl-x (3, 10, 15, 16) . A requirement for other Stat3-regulated genes may explain our observation that c-Myc only partially rescues the Stat3␤-mediated block in Src transformation. In this regard, it could be relevant that v-Src also induces cyclin D1 expression in a Stat3-dependent manner (41) . In addition, our findings reported here do not contradict earlier evidence that induction of c-myc by v-Src depends on the Raf͞MEK͞MAPK pathway (42), because a dependence on Stat3 does not exclude a role for other signaling pathways in the regulation of c-myc by v-Src. Furthermore, recent studies demonstrated that c-myc expression is required for cell transformation by other oncoproteins, including Ras and Raf (43) . Our findings are compatible with these earlier studies and establish a requirement for c-Myc protein in cell transformation by v-Src. Moreover, our results demonstrate that Stat3 participates in c-Myc induction in response to PDGF-and Src-induced signaling. In contrast to our findings reported here and an earlier study (31) , another recent study (44) reported that Src is not required for PDGF-induced Stat3 activation or c-myc expression. It is probable that this discrepancy results from the different approaches used in these studies. In particular, one study used PDGF receptor mutants that do not bind Src (44) , whereas the present and another earlier study (31) used two different pharmacologic inhibitors (SU6656 and PD180970) that likely block all Src family kinases, including both receptor-bound and nonreceptor-bound Src family kinases (38, 45) . Finally, it is notable that the requirement for c-Src in PDGF signaling is abrogated in p53 null fibroblasts or by expression of simian virus 40 large T antigen, suggesting that the Stat3-dependent pathway delineated here can be bypassed by alternative pathways (46) .
It has long been postulated that the Src oncoprotein induces cell transformation by subverting normal receptor tyrosine kinase-signaling pathways (47, 48) . Although there are likely to be multiple pathways involved, our findings delineate one such pathway from the cell surface to the nucleus that is essential for normal mitogenesis induced by PDGF receptor and subverted in Src oncogenesis. In addition, the results presented here suggest that c-Myc target genes participate in Stat3-mediated signaling downstream of PDGF receptor and Src. A recent study using microarray gene expression profiling of human fibroblast cells identified numerous potential Myc target genes involved in controlling cell proliferation (49) . Additional c-Myc targets that participate in regulating cell cycle progression are the cdk4 and p27 kip1 genes (refs. 50-52; A. Obaya, B. O'Connell, and J.M.S., unpublished data). Future studies using methods such as geneexpression profiling should provide further insight into the target genes of Stat3 and c-Myc proteins that contribute to mitogenesis and cell survival induced by Src-mediated signaling.
